1. Introduction {#sec1-ijms-21-02592}
===============

Progressive and significant blood flow increases to the uterus (and placenta) are required for suppling adequate oxygen and nutrients for fetoplacental growth and development, and for normal pregnancy outcomes. In different species, such as the *ewe, rabbit, rat, mouse, guinea pig*, and *humans*, measurements of uteroplacental blood flow (UPBF) consistently show many-fold increases occurring during pregnancy. In women, UPBF increases from 20--50 mL/min in the nonpregnant state up to 450--800 mL/min by late gestation \[[@B1-ijms-21-02592]\]. Insufficient UPBF to the gravid uterus is associated with pregnancy complications such as preterm delivery, intrauterine growth restriction (IUGR) and preeclampsia (PE) \[[@B2-ijms-21-02592],[@B3-ijms-21-02592]\]. The latter is a worldwide disease that affects 3--8% of pregnant women, and is characterized by hypertension, proteinuria, and edema, which may cause fetal growth restrictions and health complications in later life for both mother and infant \[[@B4-ijms-21-02592]\]. The well-recognized clinical complications of PE underlie the pivotal importance of a proper rise of UPBF during pregnancy.

In normal pregnancy, the increase in UPBF is facilitated by significant changes in both the structure and function of the entire maternal uterine vasculature \[[@B5-ijms-21-02592]\]. The growth in arterial and venous axial length and circumference lowers uterine vascular resistance and increases capacitance. Further, in pregnant women, total maternal blood volume and cardiac output rise about 40% by term \[[@B6-ijms-21-02592],[@B7-ijms-21-02592]\] and the uterine vessels carry up to 25% of the cardiac output vs. less than 1% in the nonpregnant state \[[@B6-ijms-21-02592],[@B8-ijms-21-02592]\]. This profound maternal physiological adaptation to pregnancy is required for a successful pregnancy in terms of both fetal and maternal wellbeing.

The uterine vascular changes associated with pregnancy begin in early gestation, before placentation is completed, with the cytotrophoblast cell invasion of maternal spiral arteries \[[@B9-ijms-21-02592],[@B10-ijms-21-02592]\], which is considered to be the mechanical trigger for initiating the uterine vascular transformation. The crucial role of spiral artery invasion for the uterine vascular changes is evidenced by the fact that a shallow invasion does not allow adequate transformation and a sufficient UPBF, as observed in PE, which is characterized by higher peripheral vascular resistance compared with normal pregnancy.

Investigations for several decades have been carried out to determine gestational changes in the structure and function of the uterine vasculature, and to understand the underlying mechanisms. The uterine vascular changes occur at different levels: (a) endothelial cells (EC), the lining cell of the vessels, (b) smooth muscle cells (SMC) in the medial layer, and c) the extracellular matrix. Although the extent of uterine vascular growth during pregnancy is well-studied, the factors that induce and regulate this process are still not completely known. Data from the literature suggests several actors take part in the complex process underlying uterine vascular remodeling.

The fact that plasma concentrations of estrogens increase significantly during gestation has prompted investigators to explore how this newly-instituted endocrine environment associated with pregnancy may assist in the remodeling of maternal uterine vasculature. In the current article, the author reviews the estrogenic mechanisms underlying uterine vascular vasodilation and remodeling, and the evidence that estrogens participate in this process by regulating multiple mechanisms and interactive pathways.

2. Uterine Circulation during Pregnancy {#sec2-ijms-21-02592}
=======================================

Uterine hemodynamic changes during pregnancy result in a significant augmentation of UPBF, necessary for fetal sustenance and growth, a process that is accomplished by a combination of substantially increased maternal blood volume and cardiac output and decreased uterine vascular resistance. Direct measurement of UPBF in animals, as well as in women with Doppler Ultrasound, show a great increase from the nonpregnant vs. pregnant state, with species-dependent changes in pattern and magnitude. The increase is gradual and fairly linear in women \[[@B11-ijms-21-02592]\], as well as in *guinea pigs* \[[@B12-ijms-21-02592]\], with an increase of \>10-fold. In other species, such as *rodents* \[[@B13-ijms-21-02592]\], *primates* \[[@B14-ijms-21-02592]\] and *sheep* \[[@B15-ijms-21-02592]\], the increase can be even higher, up to 100-fold, and with a less linear pattern, e.g., 90% near term but less than 10% at mid pregnancy.

The clinical relevance of the increased UPBF during pregnancy is underscored by the fact that its aberration leads to common pregnancy pathologies such as preterm labor, intrauterine growth restriction (IUGR), and PE. In preeclamptic women, the magnitude of increase in UPBF is reduced with consequent IUGR often documented \[[@B16-ijms-21-02592]\]. A significantly reduced UPBF has been reported in pregnant women at high-altitude and is associated to a poor fetal growth, which increases mortality and morbidity \[[@B17-ijms-21-02592]\]. A study in pregnant *sheep* exposed to high-altitude suggested that, in this condition, the reduction in UPBF is due to vasodilation and hypoxic inhibition of estrogen-induced activation of extracellular signal-regulated Kinase 1/2 (ERK1/2) \[[@B18-ijms-21-02592]\].

A long and productive history of *human* studies from Moore et al. has demonstrated that chronic hypoxia interferes with the maternal circulatory adjustments to pregnancy and results in restricted uterine arterial expansive growth and decreased UPBF. However, a different susceptibility to altitude-related damage has been demonstrated among populations in relation to their duration of altitude exposure, with highland natives demonstrating a unique pregnancy-hemodynamic response that contributes to their ability to protect against altitude-associated IUGR \[[@B19-ijms-21-02592],[@B20-ijms-21-02592]\]. This suggests the involvement of both genetic and environmental factors in estrogen-uterine vascular remodeling during pregnancy.

That estrogens may play a role in the regulation of UPBF is suggested by the positive correlation between its plasma levels and UPBF during physiologic states that have high uterine blood flow, such as pregnancy and the follicular phase of the ovarian cycle \[[@B21-ijms-21-02592],[@B22-ijms-21-02592]\]. In addition, exogenous estrogen has a similar effect, for example, administration of estradiol-17 beta to nonpregnant ovariectomized *ewes* induces uterine vasodilation and increases UPBF considerably, an effect that was reduced by specific inhibition of estrogen receptors (ERs) \[[@B23-ijms-21-02592],[@B24-ijms-21-02592]\]. The increased UPBF during pregnancy is secondary to dramatic vasodilation of uterine vasculature together with other uterine vascular events associated with pregnancy such as vasculogenesis and angiogenesis. \[[@B25-ijms-21-02592],[@B26-ijms-21-02592],[@B27-ijms-21-02592]\].

Estrogens may drive uterine vascular remodeling in multiple ways, e.g., by (1) favoring development and cytotrophoblast cell invasion of spiral arteries \[[@B9-ijms-21-02592],[@B10-ijms-21-02592]\]; (2) activating endothelial production of relaxation factors such as nitric oxide (NO), \[[@B28-ijms-21-02592]\] and prostacyclin (PGI2) \[[@B29-ijms-21-02592]\]; (3) modifying ion channel activity and expression in EC \[[@B30-ijms-21-02592]\] and SMC \[[@B31-ijms-21-02592]\]; (4) inducing changes in the vascular matrix \[[@B32-ijms-21-02592]\]; and (5) stimulating the proliferation and migration of uterine EC by upregulation of pro-angiogenic factors such as vascular endothelial growth factor (VEGF) and placental growth factor (PlFG), and their receptors VEGFR1 and VEGFR2 \[[@B33-ijms-21-02592],[@B34-ijms-21-02592],[@B35-ijms-21-02592],[@B36-ijms-21-02592]\]. Estrogens regulate all these processes by activating multiple pathways, e.g., those that involve phosphatidylinositol-3 kinase/protein kinase, *c-Fos*, *c-Jun*, and *Sp1* \[[@B37-ijms-21-02592],[@B38-ijms-21-02592]\]. Due to limited space, these will not be discussed further in this review.

3. Maternal Gestational Uterine Vascular Remodeling {#sec3-ijms-21-02592}
===================================================

Considerable plasticity of the maternal cardiovascular system occurs during pregnancy. It includes physiological and anatomical changes that result in increased cardiac output, blood volume, and vascular compliance and in reduced blood pressure secondary to a decreased peripheral vascular resistance \[[@B39-ijms-21-02592],[@B40-ijms-21-02592],[@B41-ijms-21-02592]\]. As already mentioned, during pregnancy, the uterine circulation must undergo profound changes in structure and function to provide adequate blood to the growing uterus and fetoplacental unit. This is accomplished by both arteries and veins expanding in length and circumference (or diameter), and also by changes in the vascular wall at the cellular level (EC and SMC) and in matrix composition.

Several studies underscore the fact that uterine vascular remodeling begins with the cytotrophoblast invasion of smaller vessels just proximal to the site of placentation (spiral arteries) and, as pregnancy progresses, proceeds to the larger more upstream vessels \[[@B42-ijms-21-02592],[@B43-ijms-21-02592]\]. In early pregnancy, cytotrophoblast cells proliferate and migrate into the decidua, the myometrium, and finally into maternal spiral arteries \[[@B44-ijms-21-02592],[@B45-ijms-21-02592]\]. Endovascular cytotrophoblast invasion modifies the muscular wall of the spiral arteries, ablating endothelial and smooth muscle cells and transforming these vessels from high- to low-resistance channels \[[@B46-ijms-21-02592]\]. This results in increasing blood flow to the intervillous space, an event which increases shear stress in upstream uterine vessels and raises the production of other endothelial-derived relaxation factors such as PGI2, VEGF, and PLGF. This series of events facilitates the profound uterine vasodilation, increased capacitance, and augmented UPBF.

Much of our understanding of the events that underlie uterine vascular remodeling comes from in vitro studies on isolated maternal uterine arteries and arterioles. Studies in different species including *humans* have documented growth of both large (conductive) and small (resistance) vessels with increases in diameter, length, and cross-sectional area, suggestive of outward hypertrophic remodeling \[[@B47-ijms-21-02592],[@B48-ijms-21-02592],[@B49-ijms-21-02592],[@B50-ijms-21-02592]\]. In women, comparison of uterine vessels in the nonpregnant state vs. those in late pregnancy reveals an approximate doubling of the radius \[[@B51-ijms-21-02592]\]. This would theoretically increase flow by about 16-fold as suggested by Poiseuille's law that states that flow is proportional to the quadratic of the radius. Vascular distensibility also increases during pregnancy due to altered extracellular matrix composition, most likely due to changes in the activity of matrix metalloproteinases \[[@B32-ijms-21-02592],[@B48-ijms-21-02592],[@B52-ijms-21-02592]\].

Uterine vascular remodeling during pregnancy is a complex, active process resulting from multiple cellular signals and mechanisms. The remodeling is due to the combined influence of local and systemic factors; in particular, the major humoral influences include sex steroids (estrogens and progesterone) secreted by the fetoplacental unit. Defining the remodeling process is essential for better understanding the physiologic regulation of maternal uterine blood flow and how it is impacted under pathophysiological conditions.

4. Estrogens in Pregnancy {#sec4-ijms-21-02592}
=========================

In pregnant *mammals*, estrogens are produced mainly by the ovaries and, in smaller amounts, by adrenal glands and adipose tissue \[[@B53-ijms-21-02592]\]. In women, placental production of estrogens surpasses that of the corpus luteum in the ovary around 9 weeks, an event termed the luteoplacental shift \[[@B54-ijms-21-02592]\]. In particular, the syncytiotrophoblast cell layer differentiated from cytotrophoblast cells is the site of estrogen production during pregnancy \[[@B55-ijms-21-02592]\]. The synthesis of estrogens is mainly derived from aromatization of dehydroepiandrosterone (DHEA), D4-androstenedione, and testosterone. DHEA is produced by maternal and fetal adrenal glands that transform cholesterol into pregnenolone and then DHEA by the enzymes cytochrome P450 steroid chain cleavage (CYP450scc) and 17α-hydroxylase,17,20 lyase (CYP17A1), respectively.

Also, some local synthesis of estrogens occurs in uterine artery smooth muscle cells (UASMC) as suggested by the presence of aromatase \[[@B56-ijms-21-02592],[@B57-ijms-21-02592]\]. Estrogen synthesis during pregnancy includes estrone (E1), estradiol (E2) (most abundant and potent), and estriol (E3), with some interconversion between them occurring along with hydroxylation into estetrol (E4), catecholestrogens, methoxyestrogens, and conjugated forms, a family of active molecules with genomic and non-genomic effects \[[@B30-ijms-21-02592],[@B58-ijms-21-02592],[@B59-ijms-21-02592],[@B60-ijms-21-02592],[@B61-ijms-21-02592]\]. Estrogens can also be metabolized into inactive hormones and excreted into the bile and/or urine to prevent complications from an excess of circulating estrogens \[[@B62-ijms-21-02592],[@B63-ijms-21-02592]\].

The maternal plasma concentration of estrogen increases progressively during pregnancy from 367 pM (luteal phase) up to 11,000--37,000 pM at term \[[@B64-ijms-21-02592],[@B65-ijms-21-02592]\]. Estrogens act in several tissues via specific ERs that help bring about the physiological changes associated with pregnancy.

Several studies have demonstrated a role for estrogens in promoting angiogenesis and vasodilation of the uterine vasculature with a consequent profound increase in UPBF \[[@B15-ijms-21-02592],[@B29-ijms-21-02592]\]. Their effects are mediated by genomic and non-genomic signaling pathways, such that estrogens regulate gene expression by interacting directly with specific DNA sequences or acting indirectly through different transcription factors such as *Sp1* or the *c-Fos/c-Jun* complex, which is also called activated protein 1 \[[@B66-ijms-21-02592],[@B67-ijms-21-02592],[@B68-ijms-21-02592]\]. Non-genomic effects are exerted through pathways involving key signaling molecules such as protein kinases, NOS, COX, and growth factors \[[@B28-ijms-21-02592],[@B69-ijms-21-02592],[@B70-ijms-21-02592]\].

Estrogen Receptors (ERs)
------------------------

In the reproductive system, ERs are present in the placenta, ovaries, uterus, and uterine artery (UA) \[[@B70-ijms-21-02592],[@B71-ijms-21-02592],[@B72-ijms-21-02592],[@B73-ijms-21-02592]\]. Several types of ERs have been identified, including ERα and ERβ (mainly nuclear receptors) and G protein-coupled estrogen receptor (GPER, a membrane receptor) and their isoforms; all of them bind estrogens with different affinities and different kinetics of dissociation \[[@B58-ijms-21-02592],[@B74-ijms-21-02592]\].

Classical, ligand-activated genomic effects of ERs were once thought to mediate all estrogen responses, however, it is now accepted that rapid, non-genomic responses are mediated by ER-containing membrane complexes that occur in many tissues. The uterine vasculature contains ERs and responds to estrogen via both genomic and non-genomic mechanisms \[[@B24-ijms-21-02592],[@B75-ijms-21-02592],[@B76-ijms-21-02592]\] in EC and in SMC of UA, and their expression is upregulated by pregnancy \[[@B77-ijms-21-02592],[@B78-ijms-21-02592]\].

Estrogen binding to ERs induces angiogenesis and vasodilation to mediate the increases in UPBF that occur during the follicular phase and in pregnancy: Two physiological states characterized by high circulating estrogen concentrations \[[@B78-ijms-21-02592]\]. Most studies focused on understanding the molecular mechanism of estrogen-relaxation have used *ovine* UA and have shown that estrogens act as potent vasodilators in the regulation of the uterine vascular tone. \[[@B79-ijms-21-02592],[@B80-ijms-21-02592]\]. Besides the regulation of vascular tone, estrogens also affect UA structure as demonstrated in women UA where an overexpression of ERα was correlated with lower collagen concentrations, making the vessels more distensible \[[@B81-ijms-21-02592]\].

5. Estrogen Influences on Maternal Uterine Vascular Remodeling {#sec5-ijms-21-02592}
==============================================================

The role of the estrogens in the onset of uterine vascular remodeling during pregnancy has been supported by studies using mainly two different experimental approaches: induction of pseudopregnancy and hormone replacement in ovariectomized animals. Pseudopregnancy, a condition that can be induced in some animal species by sexual stimulation, increases circulating sex steroids similar to the levels seen in early- and mid-pregnancy, and is associated with increased lumen diameter, cross-sectional area, and proliferation of uterine medial SMC \[[@B82-ijms-21-02592]\]. Also, ovariectomized animals injected with estradiol display uterine structural and cellular changes similar to those seen in estrus and even more similar to those seen in pregnancy \[[@B83-ijms-21-02592],[@B84-ijms-21-02592]\]. In support of the concept that estrogens are involved in pregnancy-related changes in uterine vessels, at least in part, is that elevated endogenous estrogen levels in physiological states such as estrus and pregnancy, or via subcutaneously-administrated exogenous estrogen, induces DNA synthesis and UA growth \[[@B83-ijms-21-02592]\].

Estrogens induce changes in the uterine vasculature during pregnancy directly or indirectly by modulating numerous cellular processes such as growth and remodeling, vascular contractility, and matrix deposition \[[@B85-ijms-21-02592]\].

5.1. Estrogens Induce Cytotrophoblast Invasion of Spiral Arteries {#sec5dot1-ijms-21-02592}
-----------------------------------------------------------------

As already noted, the initiation of uterine vascular remodeling is often ascribed to the endovascular cytotrophoblast invasion of the spiral arteries. Cytotrophoblast-orchestrated spiral artery remodeling is central to normal pregnancy and has been suggested by several investigators to be under the influence of estrogens \[[@B44-ijms-21-02592],[@B45-ijms-21-02592]\]. In normal placentas, the high expression of estrogen receptors (ERα & ERβ) on cytotrophoblast cells make them a sensitive target for estrogens that stimulate differentiation in extra-villous trophoblast and migration into the spiral arteries. Although it is not clear how this process is regulated and limited, a study in pregnant *baboon* shown that increasing circulating estrogens concentrations between the second and third trimester can inhibit cytotrophoblast advancement, probably by upregulation of VEGF expression \[[@B86-ijms-21-02592]\]. Also, immune cells, mainly uterine natural killer (uNK) cells and macrophages, have been found in the wall of human spiral arteries during pregnancy. They produce growth factors, proteases, and many other factors involved in regulating trophoblast invasion and spiral artery remodeling \[[@B87-ijms-21-02592],[@B88-ijms-21-02592]\]. The uNK cells function is directly regulated by estrogens that bind to ER46, the predominant ER isoform, localized in the uNK cells membrane \[[@B89-ijms-21-02592]\].

Spiral artery changes decrease distal resistance and increase blood flow into the placenta, thereby accelerating blood flow in upstream arteries. The augmented blood velocity increases wall shear stress on the uterine endothelium and triggers a series of events that lead to outward (expansive) remodeling ([Figure 1](#ijms-21-02592-f001){ref-type="fig"}). This effect of shear stress has been well documented in other vascular beds (carotids \[[@B90-ijms-21-02592]\]; mesenteric circulation \[[@B91-ijms-21-02592]\]; aorta \[[@B92-ijms-21-02592]\]) and is thought to involve nitric oxide release, which stimulates vasodilation and vascular growth.

5.2. Estrogenic Stimulation of VEGF Signaling {#sec5dot2-ijms-21-02592}
---------------------------------------------

In the uterine vasculature, VEGF is the major growth factor mediator of estrogen's effects. The VEGF family includes several isoforms (VEGF120, VEGF164, VEGF188, and VEGF205), with VEGF120 and VEGF164 being the main ones detected in the *rat* uterine vasculature \[[@B93-ijms-21-02592]\]. Experiments in *monkey*, in vitro and in vivo, have shown that the increase in circulating estrogens during pregnancy elevates the expression of VEGFs and their receptors \[[@B94-ijms-21-02592]\]. In UA of pregnant *rats* VEGF expression was 80% above that of nonpregnant animals. \[[@B93-ijms-21-02592]\]. Also, in *mares*, quantitative RT-PCR revealed a greater abundance of VEGF mRNA during pregnancy \[[@B95-ijms-21-02592]\]. VEGF contributes to uterine vascular remodeling by regulating different processes such as endothelial proliferation, vasodilation, and permeability \[[@B77-ijms-21-02592],[@B93-ijms-21-02592],[@B96-ijms-21-02592]\]. In *humans*, estrogens induce proliferation of endometrial EC by VEGF and this effect was higher than in other tissues. The higher growth response and enhanced responsiveness to VEGF is likely due to either an increased affinity or elevated number of VEGF receptors \[[@B77-ijms-21-02592]\]. In ovariectomized *mice*, 17β-estradiol (E2) increased the effects of VEGF in uterine arteries by a paracrine mechanism that resulted in increased expression of its receptor FLK-1/KDR (VEGFR2), a tyrosine kinase \[[@B97-ijms-21-02592]\]. VEGF-induced vasodilation of UA was significantly higher in vessels from pregnant vs. nonpregnant *rats*, and this effect was completely inhibited by endothelial removal and also by the tyrosine kinase inhibitor genistein \[[@B93-ijms-21-02592]\]. VEGF-stimulated eNOS expression in UAEC from pregnant *ewes* to a greater extent than in those from nonpregnant *ewes* in a Ca^2+^-dependent manner \[[@B98-ijms-21-02592]\]. Estrogen-induced augmentation of VEGF effects on UA likely accounts for the capacity of estrogens to induce vasodilation ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}), promote EC proliferation, and increase UPBF \[[@B99-ijms-21-02592]\]. In summary, considerable evidence suggests that the estrogen-VEGF-NO pathway plays an important role in uterine vasodilation, thereby decreasing uterine vascular resistance and inducing uterine hemodynamic changes associated with pregnancy.

5.3. Estrogen Effects on Matrix Metalloproteinases (MMPs) {#sec5dot3-ijms-21-02592}
---------------------------------------------------------

Uterine vascular remodeling during pregnancy also involves structural reorganization, including changes in the extracellular matrix (ECM). It has been reported that in UA, collagen and elastin, the main components of the extracellular matrix, change in a way that increases distensibility in pregnancy \[[@B81-ijms-21-02592],[@B100-ijms-21-02592]\]. The main regulators of the ECM are the matrix metalloproteinases (MMPs), a family of proteases that degrade the ECM and connective tissue proteins and play an important role in the tissue remodeling that accompanies the rapid growth, differentiation, and structural adaptations of UA. The MMPs family includes several members and, in UA, MMP-2, MMP-3, MMP-7, MMP-9, MMP-12, and MMP-13 are all increased by late pregnancy \[[@B101-ijms-21-02592]\]. In pregnant *bitches*, a significant positive correlation has been demonstrated between the expression of MMPs and the plasma concentration of estrogen \[[@B102-ijms-21-02592]\], suggesting possible regulation of MMPs by estrogens. In support of this, several studies have shown an upregulation of MMPs expression by estrogen \[[@B32-ijms-21-02592]\]. NO and MMPs pathway activation could play a role in shear stress-induced vascular remodeling, as suggested in resistance arteries where high flow-induced diameter enlargement and wall hypertrophy were associated with the sequential activation of eNOS and MMP9 \[[@B103-ijms-21-02592]\].

6. Estrogens and Vascular Tone Regulation {#sec6-ijms-21-02592}
=========================================

Estrogens play a pivotal role in the regulation of UA vascular tone, a key determinant of appropriate UPBF. In particular, estrogens reduce vascular tone and augment UPBF through a direct action on both EC and SMC.

6.1. Estrogen and Endothelial Signaling {#sec6dot1-ijms-21-02592}
---------------------------------------

The exact pathway by which shear stress is sensed and transduced by the UA endothelium is not known, particularly in terms of which molecular or cellular structures act as mechanosensors. Based on a study in *rats*, we recently reported that the Piezo 1 channel is expressed in UA endothelium, is upregulated during pregnancy, and its stimulation by shear stress results in vasodilation that involves increases in endothelial calcium and release of NO ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B104-ijms-21-02592]\]. In *ovine* UAEC it was shown that shear stress induces Ca^2+^-mediated NO production is connexin 43 dependent ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B105-ijms-21-02592]\]. Besides this indirect mechanism, estrogens can also induce a rapid synthesis of NO by the activation of plasma membrane-associated ERs. Studies in UA shown that estradiol-17β binds to ERs localized on the EC plasmalemma and rapidly (within 2 min) increases NO production secondary to ERK 1/2 and PI3K/PKB activation, leading to eNOS phosphorylation ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B69-ijms-21-02592],[@B106-ijms-21-02592],[@B107-ijms-21-02592],[@B108-ijms-21-02592]\]. eNOS phosphorylation occurs via ERα and ERβ, independently from each other. In particular, ERα activation induced an increase in (Ser1177) eNOS and (Ser635) eNOS and a decrease in (Thr495) eNOS. In contrast, ER-beta activation only reduced (Thr495) eNOS.

In addition to the mechanism above reported, the metabolite of Estrogen 17β, 2-hydroxyestradiol (2-OHE~2~), in *ovine* UAEC, increases NO production via adrenergic receptors \[[@B109-ijms-21-02592]\]

NO is an endogenous, powerful vasodilator whose production in the UA increases significantly during pregnancy and is considered to be the major actor in mediating gestational uterine vascular remodeling. We have shown in pregnant *rats* that treatment with L-NAME, a specific inhibitor of NO, prevented uterine vascular circumferential growth \[[@B5-ijms-21-02592]\]. In addition, a study in pregnant eNOS-knockout *mice* showed that uterine radius, cross sectional area, and SMC proliferation were all significantly smaller vs. wild type controls \[[@B82-ijms-21-02592]\].

Taken together, the above results suggest a pivotal role for NO in maternal gestational uterine vascular (outward) remodeling, and its abrogation may explain the impaired pregnancy outcome observed in both *rats* and *mice* \[[@B5-ijms-21-02592],[@B82-ijms-21-02592]\].

In addition to NO production, estrogens also induce a rapid synthesis of PGI2 as demonstrated in *ovine* uterine EC where estradiol-17β acts via primarily ER-α, while its metabolites act via ERs-independent mechanisms that enhance PGI2 production by upregulating phospholipase A (2) and cyclooxygenase-1 expression ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B58-ijms-21-02592]\].

6.2. Estrogens as Endogenous Vasodilator Peptides {#sec6dot2-ijms-21-02592}
-------------------------------------------------

Pregnancy-reduced uterine vascular tone is also accomplished by the vasodilator effect of angiotensin II via angiotensin type-2 receptor (AT~2~R) whose expression is upregulated in rat UA by pregnancy via ERβ in an endothelium-dependent manner ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}). Consistently, estradiol stimulates AT~2~R expression in primary *human* UAEC from pregnant, but not nonpregnant women \[[@B110-ijms-21-02592]\]. Estrogens also stimulate the production of the potent endogenous vasodilator, hydrogen sulfide (H~2~S), which is higher in EC and SMC of UA from pregnant women and during the estrus stage of the menstrual cycle \[[@B111-ijms-21-02592]\]. In *human* UAEC, it was shown that VEGF upregulated H~2~S-forming enzymes, probably via the actions of VEGF ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B112-ijms-21-02592]\].

Further, estradiol increases UA sensitivity to the endogenous vasoactive peptides adrenomedullin (AM) and the related protein calcitonin gene-related peptide (CGRP) by upregulating their receptors. Calcitonin receptor-like receptor (CRLR) and receptor activity-modifying protein 1(RAMP1) \[[@B113-ijms-21-02592]\] are expressed in EC and SMC. AM in the endothelium activates the NO-cGMP-K~Ca~ pathway and induces vasodilation ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B114-ijms-21-02592]\], while, CGRP vasodilation is NO-independent, although it is mediated by cyclic nucleotides (cGMP and cAMP) and Kca channels ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B113-ijms-21-02592]\]. AM vasodilation effect in chorionic arteries from preeclamptic women was significantly attenuated compared to normal pregnancy \[[@B115-ijms-21-02592]\].

6.3. Estrogens and Smooth Muscle Cells Signaling {#sec6dot3-ijms-21-02592}
------------------------------------------------

UASMC are a target for estrogens that exert direct, acute vasorelaxant effects mediated by different mechanisms. In non-pregnant rats, this is due to nitric oxide produced from muscle (NOS1) in an ER-independent manner ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B116-ijms-21-02592]\].

Along with raising the levels of NO, estrogens upregulate large-conductance Ca^2+^-activated K^+^ (BK~Ca~) channels \[[@B117-ijms-21-02592],[@B118-ijms-21-02592]\]. In detail, estrogens upregulate Ca^2+^ release events through ryanodine receptor (RyR) channels in the sarcoplasmic reticulum of SMC. This type of Ca^2+^ release, termed sparks, activates BK~Ca~ channels, causing spontaneous transient outward currents (STOCs), and hyperpolarizing currents ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B119-ijms-21-02592]\]. Estrogenic modulation of BK~Ca~ activity is mediated by DNA demethylation, which upregulates the BKβ1 subunit and increases BK~Ca~ channels activity \[[@B120-ijms-21-02592]\].

Further, another mechanism for estrogens inducing SMC vasodilation was shown in *ovine* UA, where 17β estradiol upregulated ERK1/2 expression, downregulated the PKC signaling pathway, reduced actin polymerization, and abrogated uterine vascular tone ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B79-ijms-21-02592],[@B80-ijms-21-02592]\].

In EC (from left to right in [Figure 2](#ijms-21-02592-f002){ref-type="fig"}): (1) Estrogens indirectly increase shear stress (SS) which activates piezo 1 channels (PZ1) and connexin 43 protein (CX43) and increases intracellular calcium (Ca^++^) and NO production. (2) Estrogens upregulate the receptors for adrenomedullin, RAMP1, and receptors for calcitonin gene-related peptide, CRLR, the former contributing to NO production. Estrogen by its receptors, ERα and ERβ, activates the ERK1/2-PI3K -eNOS phosphorylation (eNOS-P) pathway and increases NO production. (3) Estrogens by ERβ activate angiotensin II receptors (AT~2~R), which contributes to NO production; (4) Estrogens by upregulation of vascular endothelial growth factor (VEGF) induce hydrogen sulfide (H~2~S) production; (5) Estrogens activate the phospholipase A~2~ (PLA~2~)--cyclooxygenase 1 pathway to produce prostacyclin (PGI2). Preeclampsia (PE) inhibits the estrogens, RAMP1-NO and also ERs-ERK1/2-PI3K and eNOS-P-NO.

In SMC (from left to right in [Figure 2](#ijms-21-02592-f002){ref-type="fig"}), estrogens activate (a) nitric oxide synthase neuronal (NOS1); (b) calcium release from the sarcoplasmic reticulum (RS), which activates the big potassium calcium channel (BK~Ca++~); (c) CRLR, which by the cyclic nucleotides cAMP and cGMP activates BK~Ca++~; (d) demethylation of the BKβ1 subunit and activation of BK~Ca++;~ (e) H~2~S production; (f) ERK1/2, which inhibits PKC and actin polymerization. Hypoxia inhibits BKβ1 demethylation and also estrogens activation of ERK1/2.

7. Preeclampsia {#sec7-ijms-21-02592}
===============

7.1. Preeclampsia is Associated with Lower Estrogen {#sec7dot1-ijms-21-02592}
---------------------------------------------------

Several recent studies have reported lower plasma estrogen concentrations in preeclamptic women compared with those having a normal pregnancy \[[@B58-ijms-21-02592],[@B121-ijms-21-02592],[@B122-ijms-21-02592]\]. Lower estrogens can be due to abnormal activity of the enzymes involved in their biosynthesis \[[@B123-ijms-21-02592],[@B124-ijms-21-02592]\] as occurred in pregnant women with gestational diabetes and in obese women, both with high probability of developing PE \[[@B125-ijms-21-02592],[@B126-ijms-21-02592]\]. In obese women with PE, the elevated plasma levels of leptin decreased placental steroid biosynthesis \[[@B127-ijms-21-02592]\], consistent with an in vitro study where incubation of placental explants with leptin decreased steroid biosynthesis and estrogen production \[[@B128-ijms-21-02592]\]. Also, the placental hypoxia of preeclamptic women reduces the expression of placental aromatase, a key enzyme in estrogens synthesis \[[@B129-ijms-21-02592],[@B130-ijms-21-02592]\]. Hypoxia activates transcription factors that inhibit aromatase expression with aberrant synthesis of estrogen leading to uterine vascular dysfunction in PE \[[@B131-ijms-21-02592],[@B132-ijms-21-02592]\]. One study showed that chronic inhibition of aromatase in the second half of *baboon* pregnancy significantly decreased maternal serum estrogens, although UPBF and fetal growth were maintained at normal levels \[[@B133-ijms-21-02592]\].

The lower circulating estrogen in PE prompted researchers to validate estrogen levels as a biomarker but also as a potential treatment for PE. Results from studies that have considered estrogen concentrations in pregnancy with other high risk factors to predict the risk for development of PE showed only a modest sensitivity and specificity \[[@B134-ijms-21-02592]\]. A therapeutic approach showed that short-term estradiol therapy ameliorates PE \[[@B135-ijms-21-02592],[@B136-ijms-21-02592]\].

Low plasma estrogen concentrations were associated with shallower spiral artery invasion \[[@B137-ijms-21-02592],[@B138-ijms-21-02592]\], insufficient placental development, and poor maternal--fetal exchange, ([Figure 1](#ijms-21-02592-f001){ref-type="fig"}). This situation is worsened by a reduction in ERs expression in target tissues such as cytotrophoblast and UAcells. Abnormal placentae show a lack of ERα expression in cytotrophoblast that inhibit the normal action of estrogen in the regulation of their differentiation and function \[[@B137-ijms-21-02592]\]. Also, placental hypoperfusion decreased ERα expression in *ovine* UA \[[@B139-ijms-21-02592]\], although contradictory results have been reported for ERα polymorphisms in PE \[[@B140-ijms-21-02592],[@B141-ijms-21-02592]\]. In addition, insufficient UPBF and, therefore, placental ischemia induced an excess release of the antiangiogenic factor soluble fms-like tyrosine Kinase 1 (sFlt1) from cytotrophoblast, which possess a unique ability to enhance sFlt-1 production in a low oxygen environment \[[@B142-ijms-21-02592]\]. sFlt1 is the soluble form of VEGFR1 (Flt-1) that together with VEGR2 are functional receptors for placental growth factor (PlGF) and VEGF. In many preeclamptic patients, as well as in animal models of PE, PlGF--VEGFR1 and VEGF--VEGFR2 interactions are disturbed by excess amounts of sFlt1, a natural PlGF/VEGF antagonist \[[@B143-ijms-21-02592],[@B144-ijms-21-02592],[@B145-ijms-21-02592]\]. In women with preeclampsia, the higher levels of sFlt-1 levels are associated with higher uterine artery pulsatility indices (PI, an index of uterine vascular resistance) and compromised uteroplacental hemodynamics \[[@B146-ijms-21-02592],[@B147-ijms-21-02592]\]. sFlt1 can compromise UPBF by MMPs pathways, as shown in an animal model of PE where sFlt1 administration decreased MMP2 and MMP9 expression and increased arterial collagen content and vascular stiffness, \[[@B148-ijms-21-02592],[@B149-ijms-21-02592]\]. The sFlt1 effect was reversed by administration of VEGF or PlGF, suggesting that growth factor--MMP pathways are involved in the regulation of vascular biomechanical properties \[[@B149-ijms-21-02592],[@B150-ijms-21-02592]\]. Further, the impaired cytotrophoblast invasion of spiral arteries secondary to the low concentration of estrogen in PE can decrease uterine shear stress, although, to our knowledge, a direct correlation between the extent of spiral artery invasion and shear stress intensity has not been established. In UA from preeclamptic women, shear stress-mediated release of nitric oxide is impaired \[[@B151-ijms-21-02592]\]. Because NO plays a key role in gestational uterine vascular remodeling, reduced NO levels may well explain the diminished remodeling reported in PE ([Figure 1](#ijms-21-02592-f001){ref-type="fig"}). A likely mechanism involves altered MMP/TIMP activity, as we have shown in pregnant rats that the inhibition of NO inhibited MMP2, reduced expansive remodeling, and significantly increased arterial wall collagen and elastin content relative to normal pregnancy \[[@B100-ijms-21-02592]\].

7.2. Preeclampsia and Vascular Tone {#sec7dot2-ijms-21-02592}
-----------------------------------

In PE UA, vascular tone is higher compared to normal pregnancy due to decreased endothelium-dependent relaxation, partly as a consequence of lowered response to NO-mediated dilation and augmented response to numerous constrictors \[[@B152-ijms-21-02592],[@B153-ijms-21-02592]\]. Several mechanisms have been reported in PE that can explain the reduced vascular tone. PE attenuates estrogens-mediated ERK1/2 signaling and results in upregulation of protein kinase C (PKC)-mediated actin polymerization ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B154-ijms-21-02592]\]. In addition, PKC mediates inhibition of BK~Ca~ channels and reduces relaxations of UA \[[@B155-ijms-21-02592]\]. BK~Ca~ channel inhibition in PE also occurs by DNA methylation of the BKβ1 subunit, an epigenetic mechanisms that is promoted by hypoxia ([Figure 2](#ijms-21-02592-f002){ref-type="fig"}) \[[@B156-ijms-21-02592],[@B157-ijms-21-02592]\].

8. Conclusions {#sec8-ijms-21-02592}
==============

In normal pregnancy, estrogens may, at least in part, drive maternal uterine vascular remodeling by influencing mechanisms associated with UA circumferential growth during pregnancy. In particular, estrogens play a role in mediating cytotrophoblast invasion of spiral arteries and subsequent increases in blood flow and shear stress. Estrogens have also been shown to act directly on EC to activate synthesis and production of vasodilators and growth factors such as NO and VEGF. The lower plasma estrogen levels and downregulation of ERs that have often been noted in preeclampsia may further attenuate spiral artery invasion, uterine vasodilation, and remodeling and contribute to placental underperfusion. A better understanding of the mechanisms by which estrogen regulates uterine vascular remodeling and uteroplacental hemodynamics could help in the development of new therapeutic approaches for the prevention and/or management of preeclampsia.
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![Uterine artery changes from the nonpregnant to pregnant state and in preeclampsia. The drawing shows the changes of uterine arteries from nonpregnancy (**A**) to pregnancy (**B**) and in preeclampsia (**C**). In normal pregnancy, the deep cytotrophoblast (full small circle) invasion of spiral arteries (SA) dilates SA and increases shear stress (SS) in upstream arteries (UpA), which increases nitric oxide (NO) production and vasodilation. (**C**) Placental hypoxia (low O~2~) in preeclampsia abrogates pregnancy-adaptation (spiral arteries invasion lead to shear stress lead to NO production leads to vasodilation) with consequent inhibition of the fetoplacental unit growth.](ijms-21-02592-g001){#ijms-21-02592-f001}

![Estrogens act on endothelial and smooth muscle cells of uterine arteries in the pregnant state. In pregnancy, the high plasma levels of estrogens (full small triangles) activate several molecular pathways in uterine artery endothelial cells (EC) and in smooth muscle cells (SMC).](ijms-21-02592-g002){#ijms-21-02592-f002}
